Hylomecon japonica (Thunb.) Prantl. is a Chinese medicinal plant whose active components and their antimicrobial mechanism was studied by TLC bioautography-guided isolation and identification of 12 alkaloids and their antimicrobial activities evaluated using the standard broth microdilution method. The benzophenanthridine isoquinoline alkaloids showed the strongest inhibitory activity against Gram-positive bacteria. Analysis of conductivity changes and observation of TEM images revealed that the antimicrobial mechanism involved cell integrity damage and cell division arrest.
Harmful microorganisms and the overuse of antibiotics that inhibit their growth has led to toxic reaction, superinfection, and drug tolerance [1] . Discovery of new antimicrobials is important due to microbial resistance in medicine and agriculture [2] . The recent emergence of drug-resistant strains has necessitated the development of novel antibacterial agents [3] . WHO advocated traditional medicines as safe remedies for both microbial and nonmicrobial diseases [4, 5] . Given its capacity to rapidly detect active components even in a complicated plant extract, TLC bioautography is widely applied as an effective separation technique during bioguided fractionation [6, 7] .
Hylomecon japonica (Thunb.) Prantl of the family Papaveraceae is a Chinese folk medicinal plant that is widely distributed in North and Northeast China. The roots of this plant exhibit a wide spectrum of therapeutic activities in treating injuries, arthralgia, stomachache, and dysentery [8] [9] [10] . A previous study documented the antimicrobial activity of this plant [11, 12] , but the active compounds and their structure-function relationship remain unclear.
Plant alkaloids are important bioactive substances that may display antimicrobial activities [13] . The roots of H. japonica contain alkaloids such as cryptopine, protopine, and chelerythrine [14, 15] , but few studies have focused on the isolation and microbial activity of compounds from this plant [16] [17] [18] . The present study reports the TLC bioautography-guided isolation of 12 alkaloids from H. japonica and the evaluation and discussion of their microbial activities [19] .
TLC bioautography analysis:
The antimicrobial fractions were screened and selected through TLC bioautography analysis as shown in Figure 1 . The inhibition zones of the pathogenic fungi appeared in areas with the antimicrobial compounds, and differed from the blue violet background without the antimicrobial compounds. With the same sample loading of 600 µg, the numbers of inhibition zones of the pathogenic fungi in fractions G 1 and 0.22). The R f values of the inhibition zones indicated that the antimicrobial compounds in fractions G 2 and G 5 were included in fractions G 1 and G 4 , respectively, and that their activities were relatively weak. As the loading quantities decreased, the inhibition zones of G 3 and G 4 were small and faint, whereas those of G 1 were clear. This result indicates that fraction G 1 had the most antimicrobial compounds. Moreover, the R f values and ultraviolet fluorescence indicated that the compounds were inferred to be quinoline, isoquinoline, indole or purine alkaloids of low or medium polarity with a large conjugate system. Antimicrobial evaluation: The tested alkaloids belonged to four categories: benzophenanthridine isoquinoline alkaloids (1, 3, 6, 7, 8, 9, 10,11), protoberberine-type alkaloids (12, berberine), steroid alkaloids (4, 5) , and protopine (2) . The results of the antimicrobial evaluation of the isolated alkaloids are shown in Table 1 . The antimicrobial strengths of the alkaloids are benzophenanthridine isoquinoline alkaloids>steroid alkaloids > protoberberine-type alkaloids. The susceptibility of the microorganisms to the alkaloids was S. aureus > E. faecom> C. albicans> E. coli. In general, the highest susceptibility to the alkaloids was demonstrated by the Gram-positive bacteria, followed by the fungus, and lastly the Gram-negative bacteria. After antimicrobial evaluation and comparison, the activity of the benzophenanthridine isoquinoline alkaloids against Gram-positive bacteria was significant. Among the eight benzophenanthridine isoquinoline alkaloids tested, oxysanguinarine (9), whose 6-H was substituted by carbonyl, had the highest MIC and MBC values. This result indicated that 6-H was a vital functional group for antimicrobial activity.6-Methoxydihydrosanguinarine (10) had lower MIC and MBC than dihydrosanguinarine (8) , which indicated that the antimicrobial activities would improve if one of their 6-H was retained and a methoxyl group was added at the C-6 position. By contrast, adding other groups at the C-6 position,8-(1′-hydroxyethyl)-7,8-dihydrochelerythrine (1) for example, decreased the antimicrobial activities. A comparison of 6-methoxydihydrosanguinarine (10) and 6-methoxydihydrochelerythrine (11) revealed that the antimicrobial activities of the compounds improved when 7-H and 8-H were substituted by -O-CH 2 -O-rather than CH 3 O-groups. Comparison of 10-methoxydihydrosanguinarine (3) and dihydrosanguinarine (8) inferred that the 10-H contributed to the antimicrobial activities of the compounds. Cellular leakage: 6-Methoxydihydrosanguinarine (10) displayed the strongest inhibitory activity against S. aureus,with the lowest MIC (2.5µg/mL) and MBC (5µg/mL) which are close to those of benzylpenicillin sodium salt but considerably stronger than those of berberine. The conductivity change in the bacterial culture solution is an important indicator of changes in cell membrane permeability and cell integrity. The addition of 6-methoxydihydrosanguinarine (10) to the culture solution of S. aureus increased the conductivity of the solution as a function of time and sample concentration, which differed from the steady conductivity of the control group without drug function (Figure 3) . Two hours after (10) was added, the conductivity values of the MIC and MBC groups apparently increased. At this time point, the change rate on the conductivity of the MBC group reached 3.5%, indicating the rapid change in the bacterial membrane wall structure. The conductivity remained steady after 2 h. These results showed that 6-methoxydihydrosanguinarine can increase the permeability of bacterial cell membrane or break their structure, which could lead to cytoplasm leakage.
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TEM observation:Normal S. aureus is a full closed sphere with clear and intact cell wall and cell membrane encompassing the uniform distributed cytoplasm [Figure 4(a)]. The appearance of bacteria during binary fission is shown in Figures 4(b) and 4(c).
Two hours after 6-methoxydihydrosanguinarine (10) was added, the cell membrane and cytoplasm began to separate and irregular bumps or dents appeared on the cell surface [ Figure 4 TEM observation verified the conductivity changes, which may be attributed to the damage in cell integrity. After the addition of 6-methoxydihydrosanguinarine, the cell wall and membrane were damaged and the cytoplasm leaked. This result indicates that the antimicrobial mechanism of 6-methoxydihydrosanguinarine may involve cell integrity damage and cell division arrest.
TLC bioautography-guided isolation of alkaloids from Hylomecon japonica
Natural Product Communications Vol. 12 (9) Extract preparation: Air-dried roots of H. japonica were refluxed thrice with an excess of 95% EtOH. The extract was concentrated under vacuum and the residue extracted with 2% aq. HCl. A chromatographic column packed with cation exchange resin was used to concentrate the alkaloids in the acidic solution; the alkaloids were later freed by treating the resin with ammonia after neutralization [20] . The obtained alkaloids were partitioned with EtOAc and 70% EtOH to yield two fractions: G 1 (31 g) and G 2 (30 g). The acid-insoluble residue was partitioned with petroleum ether and EtOAc to obtain non-alkaloid petroleum ether fraction (G 3 , 71 g), non-alkaloid EtOAc fraction (G 4 , 86g), and residue (G 5 , 300 g).
TLC bioautography analysis:
The antibacterial effect of the five fractions against Staphylococcus aureus (26003, provided by microbiological lab, Shaanxi Normal University) grown in semisolid medium of beef extract peptone was screened and evaluated in vitro through TLC bioautography analysis.
Dried and developed chromatoplates with separate spots were immersed into these bacterial cell suspensions for 10 s and then placed in a transparent glass cage to assure an air phase and humidity for the bacterial cells. After 18 h of cell culture, the chromatoplates were sprayed with MTT solution, and the results were observed after 1 h [21, 22] .
Bioassay-guided isolation and identification of alkaloids:
The active extract G 1 (31 g) was subjected to column chromatography on a silica gel (500 g, 200-300 mesh) and then eluted with CHCl 3 -MeOH (100:1-1:1) to yield 15 main sub-fractions (G 1-1 -G 1-15 ). Possible alkaloid spots were selected for further isolation using Dragendorff's reagent. G 1-1 was chromatographed repeatedly using a silica gel column with a gradient elution of petroleum etherEtOAc to yield alkaloids 1 (10 mg), 6 (2 mg), and 7(4.2 mg). G 1-2 and G 1-5 were treated similarly to obtain alkaloids 8 (2.4 mg) and 9 (4 mg). G 1-4 was chromatographed repeatedly using a silica gel column with a gradient elution of CHCl 3 -EtOAc and then further purified using a Sephadex LH-20 column with MeOH-CHCl 3 (1:1) to produce alkaloids 2 (20 mg), 3 (7 mg), 4 (8 mg), and 5 (7 mg). Alkaloids 10 (3 mg), 11 (10 mg), and 12(6 mg) were respectively isolated from G 1-2 , G 1-9 , and G 1-12 via preparative HPLC after purification using a Sephadex LH-20 column with MeOH-H 2 O. The purified fractions were collected and recrystallized, and their structures confirmed by comparing their spectral data ( 1 H, 13 C-NMR, Bruker, Magnet System 400 MHz/ 54 mm, Switzerland) with data from the literature.The spectral data and the chemical structures of all compounds are available as Supplementary Data.
Antimicrobial evaluation:
The species used for assays were Escherichia coli (Gram-negative, ATCC25922), S.aureus (Grampositive, ATCC25925), Pseudomonas aeruginosa (Gram-negative, ATCC27853), and Candida albicans (Fungus, CMCC85021), which were provided by the microbiological laboratory of Shaanxi Normal University. The antimicrobial activities of the isolated compounds were evaluated using the standard broth microdilution method in 96-well microplates. The blank control, solvent control, sample and positive control were added with 50 µL of nutrient medium, twofold dilutions of DMSO, twofold dilutions of the sample solution, and twofold dilutions of the positive control solution, respectively, and 50 µL of the bacterium solution. The culture plates were incubated at 37°C for 24 h (48 h for C. albicans). Then, the OD values were measured using a microplate reader, and the MIC values were calculated. The lowest antimicrobial concentration that yielded no growth by visual inspection after 24 h (48 h for C. albicans) of incubation at 37°C was documented as the MBC [3, [23] [24] [25] [26] [27] [28] .
Cellular leakage: Cellular leakage from the fungal tissues was measured by detecting the electrolyte leakage into the incubation medium with a conductivity meter (SW-301, Suwei Co.) following the method described by Lee et al. [29] S. aureus (1.0 × 10 7 CFU) was inoculated in 20 mL of liquid medium of beef extract peptone along with the sample solutions of MIC and MBC. After centrifugation at 7000 rpm for 10 min, the supernatant was diluted 25 times with sterile distilled water, and its electrical conductivity was measured. After oscillation at 150 rpm and 37 °C, the electrical conductivity was measured successively after 1, 2, 4, 6, and 8 h.
TEM observation: TEM observation was completed by a transmission electron microscope (H-7650; Hitachi; acceleration voltage of 40 -120 kV) in the Electron Microscopy Center of Xi'an Jiaotong University.S. aureus (1.0×10 7 CFU) was inoculated in 20 mL of liquid medium of beef extract peptone along with the sample solution of MBC. The thallus was collected via centrifugation at 8000 rpm for 5 min successively after 0, 2, and 24 h. The thallus was twice washed with 0.85 % sterile NaCl solution and was then fixed for over 10h with 1.5 mL glutaraldehyde fixation fluid at 4 o C. After washing with 0.1M phosphate buffer for 30 min, it was second fixed in phosphate buffer of 1% osmium tetroxide for 2 h at 4 o C. After washing with 0.1M phosphate buffer for 2 or 3 times, the thallus was dehydrated successively with 30%, 50%, 70% ,90% ethanol in water for 10 min and twice with 100% ethanol in water for 10 min and 3 times withpropylene oxide for 10min. The thallus was then immersed in a mixture of propylene oxide andEpon 812 for 1h or overnight at 37 o C, along with the mixture of Epon 812 for 1 h at 60 o C. Embedding was proceeded for 48 h polymerization at 60 o C. The 1μ -2μsemi-thinsectionwas stained by AzurⅡor toluidine blue andby light microscopy. The ultrathin section of 50 -70 nm was obtained got by LKB Ultrotome (Sweden). After stainingwith uranyl acetate for 10 min and lead hydroxide for 10 min, the electron microscopy observation (H-7650; Hitachi) was conducted.
